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Open access under the EThis paper analyzes the inﬂuence of carbon source and inoculum origin on the dynamics of biomass adhe-
sion to an inert support in anaerobic reactors fed with acid mine drainage. Formic acid, lactic acid and
ethanol were used as carbon sources. Two different inocula were evaluated: one taken from an UASB
reactor and other from the sediment of a uranium mine. The values of average colonization rates and
the maximum biomass concentration (Cmax) were inversely proportional to the number of carbon atoms
in each substrate. The highest Cmax value (0.35 g TVS g
1 foam) was observed with formic acid and anaer-
obic sludge as inoculum. Maximum colonization rates (vmax) were strongly inﬂuenced by the type of inoc-
ulum when ethanol and lactic acid were used. For both carbon sources, the use of mine sediment as
inoculum resulted in a vmax of 0.013 g TVS g1 foam day1, whereas 0.024 g TVS g1 foam day1 was
achieved with anaerobic sludge.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
One of the largest problems facing the mining industry world-
wide is the treatment and disposal of acid mine drainage (AMD).
Acid mine drainage results from the oxidation of pyrite (Fe2S)
and sulﬁde minerals by oxygen and water, producing sulfuric acid
that solubilizes metals present in soil or rock (Nordwick, 2003).
The primary factors that determine the rate of acid generation in-
clude pH, temperature, oxygen content in the gas phase (if less
than 100% saturated), dissolved oxygen, chemical activity of Fe3+,
surface area of exposed metal sulﬁde and bacterial activity (Akcil
and Koldas, 2006).
Several processes can be used to promote sulfate reduction. One
common method is chemical precipitation by calcium or barium
salts, which is especially applicable to wastewater with high con-
centrations of sulfate. However, liquid–solid separation systems
and appropriate disposal of the precipitate are required in this
case. Frequently, solid waste disposal is expensive, thus hindering
or even preventing the adequate treatment of AMD.
A rapidly growing alternative treatment for AMD uses microbial
biomass. The sulfate reducing bacteria (SRB) are commonly em-
ployed in the biological treatment of sulfate-rich wastewaters.5 16 8118 6215; fax: +55 16
driguez), zaiat@sc.usp.br (M.
lsevier OA license.The SRB can reduce sulfate to sulﬁde in the presence of an elec-
tron donor through oxidative dissimilation. The main substrates
for SRB are H2, methanol, ethanol, lactate (Kalin et al., 2006), formic
acid (Paulo et al., 2005) or complex organic residues, such as man-
ure (Ueki et al., 1998). The oxidation of the substrate occurs with
sulfate reduction according to the general equation (Widdel,
1988):
2CH2Oþ SO24 ! 2HCO3 þH2S ðReaction 1Þ
where CH2O represents a basic unit of an organic compound. The
reduction of sulfate to sulﬁde in the presence of other metals causes
precipitation of metallic sulﬁdes that can be separated in a subse-
quent step. As a consequence of H+ and sulfate consumption and
metallic sulﬁde precipitation, the medium acidity decreases
(Benedetto et al., 2005).
Besides the anaerobic process with sulfate reducing bacteria,
other biological process can be used for treatment of AMD, as those
mediated by microalgae. Some studies (Monteiro et al., 2009, 2010)
have reported the ability of microalgae to remove heavy metals
such as cadmium and zinc. However, in this case, there is no sulfate
reduction.
AMD typically has a low concentration of dissolved organic
matter (<10 mg l1) (Kolmert and Johnson, 2001); thus, carbon is
usually the limiting nutrient in AMD. Therefore, organic com-
pounds should be added to AMD to activate the biological treat-
ment. The choice of a suitable low-cost carbon source that allows
for high sulfate reduction efﬁciency and stability of the bioreactor
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knowledge about sulfate-reducing microorganisms and their rela-
tionship with methanogenic archaea is essential for optimization
of the sulﬁdogenic anaerobic process.
Recent data (Silva et al., 2006) has shown that anaerobic reac-
tors with immobilized cells are a feasible and safe technology for
the treatment of sulfate-rich wastewater. The cell immobilization
technique is widely used in anaerobic reactors treating wastewa-
ter, when the main objective is to increase the biomass and the cel-
lular retention time in the reactor. However, the choice of support
material can be a determining factor in the selection of the micro-
bial population in the reactor, and different supports can be used
for speciﬁc applications. When the purpose of the treatment is to
reduce sulfate, the support can be crucial for the successful appli-
cation of anaerobic biotechnology. The composition of the bioﬁlm
and the duration of the start-up period in immobilized-cell reac-
tors are dependent on the characteristics of the carbon source
and the origin of inoculum (Ribeiro et al., 2005).
This paper analyzes the inﬂuence of carbon source and inocu-
lum origin on the process of biomass adhesion to polyurethane
foam matrices in reactors fed with AMD. The main objective is to
present possible links between fundamental and practical aspects,
relating to the use of these inoculums and carbon sources in
packed-bed reactors.
2. Methods
The experiments aimed at the evaluation of the dynamics of
biomass adhesion in polyurethane foam matrices. Bench-scale dif-
ferential reactors were used for such assessment with evaluation of
two different inocula and three carbon sources. Total volatile solids
(TVS) quantiﬁcation was used to access the bioﬁlm growth in dif-
ferential reactors.
2.1. Differential reactors
Differential ‘‘gradientless’’ reactors 2.4 cm long with a diameter
of 2.9 cm and a total volume of 15 ml were used to evaluate the
processes of biomass adhesion (Fig. 1). This type of reactor models
a differential element of a packed-bed reactor and simulates the
bioﬁlm dynamics in a unit volume of the whole reactor. This reac-
tor was proposed by Bailey and Ollis (1986) to access the kinetics
and mass transfer process in biological reactors. Previous studies
(Ribeiro et al., 2005; Silva et al., 2006) showed the possibility to
use the differential reactors to evaluate the process of biomass
adhesion on inert supports.
2.2. Support for biomass immobilization
Each reactorwasﬁlledwith60 cubic polyurethane foamparticles
having anaverage size of 5 mm, anapparentdensity of 23 kg m3, anFig. 1. Schematic of the differential reactor (Ribeiro et al., 2005).average pore size of 543 ± 154 lm and a surface area density of
43.8 m2 g1.
2.3. Inocula
Two different inocula were used. One was taken from an up-
ﬂow anaerobic sludge blanket (UASB) reactor treating poultry
slaughterhouse wastewater, and the other was taken from sedi-
ment of a uranium mine located at Poços de Caldas, Minas Gerais,
Brazil. Both were added daily to the substrate reservoir to a con-
centration of 100 mg l1 TVS.
2.4. Acid mine drainage and carbon source
The reactors were fed with real acid mine drainage from a ura-
nium mine located at Poços de Caldas, Minas Gerais, Brazil. The
main characteristics of AMD were pH 3.0, sulfate concentration
close to 800 mg l1 and COD concentration below 50 mg l1. Three
carbon sources were evaluated: ethanol, lactic acid and formic
acid.
2.5. Experimental protocol
The reactors were maintained at a constant temperature of
30 C inside a thermostatic chamber and subjected to a liquid
superﬁcial velocity of 0.07 cmmin1 by pumping AMD from a res-
ervoir. The AMD reservoir was maintained at 5 C to prevent bio-
chemical reactions outside the reactors. Chemical oxygen
demand (COD) and sulfate concentration in the inﬂuent were
804 mg l1 and 1200 mg l1, respectively, resulting in a COD/
[SO24 ] ratio close to 0.67. This ratio was determined according to
the stoichiometry of sulfate reduction under complete oxidation
of organic matter. Silva et al. (2002) evaluated the inﬂuence of
the COD/[SO24 ] ratio on the start-up of sequencing batch reactors.
This ratio appears to have a strong inﬂuence on the syntrophic and
competitive relationships between sulfate-reducing and methane-
producing organisms.
Four reactors were used for each condition (substrate/inocu-
lum). Each was sampled at 7-day intervals. The colonized polyure-
thane foam matrices were subjected to total volatile solids (TVS)
analysis and microscopic exams.
2.6. Analytical methods
For determination of TVS, particles of polyurethane foam were
macerated with a glass stick in distilled water for biomass detach-
ment. The suspension was dried at 105 C for 24 h and then calci-
nated at 550 C for 15 min. The dry weight of the foam was
determined after 24 h of drying the clean support at 105 C.
Chemical oxygen demand (COD) and sulfate concentration were
determined in accordance with the Standard Methods for the
Examination of Water and Wastewater (2005).
2.7. Treatment of experimental data
The behavior of the TVS temporal proﬁles was analyzed by non-
linear regression using the Levenberg–Marquardt algorithm
(Marquardt, 1963), part of the Microcal Origin 6.0 software pack-
age. Boltzmann sigmoid and hyperbola were ﬁtted to the experi-
mental data, and the colonization rates (v) were estimated by




Maximum colonization rates (vmax) were calculated for each
experimental condition as:
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Ribeiro et al. (2005) stressed the importance of using maximum
and average rates to analyze curves of bioﬁlm growth. The authors
reported that the average rates obtained for different conditions
were similar, whereas a signiﬁcant difference in the maximum col-
onization rates could be observed. These resulted in quite different
behaviors in TVS concentration curves.3. Results and discussion
For all assayed substrates (formic acid, ethanol or lactic acid),
the COD was reduced by 10–30% throughout the 28 days of the
experiment, while the concentration of sulfate and the pH re-
mained stable (1200 mg l1 of sulfate and pH 3.0). These results
were expected because the hydraulic retention time is very low
due to the small volume of the differential reactor (an inﬁnitesimal
element of the integral reactor it models), resulting in little or no
detectable removal.
3.1. Temporal variation of biomass adhered to the support
The temporal proﬁles of total volatile solids (TVS) attached to
the support showed curves with two behaviors (Fig. 2). For the
tests with ethanol as a carbon source and uranium mine sediment
as inoculum, the TVS time proﬁle followed the classic Boltzmann
sigmoid function. This was also observed for the proﬁles obtained
for formic acid with both of the inocula. For the other experimental
conditions, ethanol with anaerobic sludge and lactic acid with
either inoculum, curves of TVS as a function of time required an
adjustment for hyperbolic behavior.
This adjustment from a sigmoidal expression may indicate the
need for pre-acclimation of the organisms to the environment.
The hyperbolic ﬁt may indicate that the biomass was well-adapted
to that particular medium and environmental condition, which
could facilitate adhesion to the support material. Lactic acid and



























Fig. 2. Biomass attachment to polyurethane foam matrices (r, formic acid and AI;
e, formic acid and SI; j, ethanol and AI; N, ethanol and SI; s, lactic acid and AI; +,
lactic acid and SI). Inoculum: anaerobic sludge (AI) and uraniummine sediment (SI).justifying the hyperbolic behavior observed in experiments with
these substrates and anaerobic sludge as inoculum. On the other
hand, although formic acid has only one carbon atom, it is not a
common intermediate in anaerobic processes, and the biomass
attachment followed a sigmoidal behavior when anaerobic sludge
was used as inoculum. This indicates a lag or an adjustment phase
that did not occur in the hyperbolic conditions.
It was expected to observe sigmoidal behavior for all of the
experiments using mine sediment, since this inoculum was ob-
tained from an environment without organic matter. In fact, this
sigmoidal behavior was observed in experiments using formic acid
and ethanol as carbon sources, thus indicating the prevalence of
non-adapted biomass in such an inoculum. However, the hyper-
bolic behavior observed for the experiment with lactic acid and
mine sediment cannot be analyzed in terms of microbial diversity
of the inoculum only because this behavior was similar to that
observed when anaerobic sludge was used as inoculum. One
hypothesis that could explain these different behaviors is the ther-
modynamics of the oxidation of lactate to acetic acid. Acetic acid is
a common intermediate in anaerobic biochemistry, and its forma-
tion from lactate has a highly favorable Gibbs free energy (Reaction
2) as compared to oxidation of the other substrates studied, etha-
nol and formic acid (Reactions 3 and 4, respectively). The complete
oxidation of ethanol is highly favorable when compared to the
other reactions (Reaction 5). However, this conversion is depen-
dent on very speciﬁc groups of sulfate-reducing bacteria (Muyzer
and Stams, 2008), and the extreme environmental conditions most
likely hindered the establishment of this speciﬁc microbial com-
munity. Thus, the incomplete oxidation of lactate seems to be
the more favorable reaction in the systems studied.
SO24 þ 2CH3CHOHCOO ! 2CH3COO þH2Sþ 2HCO3
ðReaction 2Þ
DGo = 80.2 kJ/mol lactate
SO24 þ 2CH3CH2OH! 2CH3COO þH2Sþ 2H2O ðReaction 3Þ
DGo = -69.2 kJ/mol ethanol
SO24 þ 4HCOO þ 2Hþ ! 4HCO3 þH2S ðReaction 4Þ
DGo = –58.04 kJ/mol formate
3SO24 þ 2CH3CH2OHþ 2Hþ ! 4HCO3 þ 3H2Sþ 2H2O
ðReaction 5Þ
DG = 162.28 kJ/mol ethanol
The values of DG in Reactions 2–5 were calculated from the
standard Gibbs free energy of formation for each compound
according to Sawyer et al. (2005).
3.2. Quantiﬁcation of the biomass adhered to the support
Table 1 shows the maximum concentrations of TVS observed for
each experimental condition and the time required to reach those
concentrations. The inoculum signiﬁcantly inﬂuenced the maxi-
mum values of the biomass and the time required to reach such
maximum values in formic-acid- and ethanol-fed differential reac-
tors. However, no inﬂuence was observed using lactic acid as a car-
bon source.
The maximum value of adhered biomass on polyurethane foam
(Cmax) observed for the experiments with ethanol and anaerobic
sludge was 87.5% higher than that observed when mine sediment
was used as inoculum. For the experiment with formic acid and
anaerobic sludge, the value of the maximum concentration of at-
tached biomass was 30% higher than that observed when mine
sediment was used as inoculum. In both cases, the times to reach
Table 1
Maximum concentrations of TVS (Cmax) and the time required to reach maximum
concentrations (tmax) for each experimental condition.
Carbon source Inoculum* Cmax (g TVS g1 support) tmax (days)
Formic acid AI 0.35 ± 0.1 28**
Formic acid SI 0.27 ± 0.1 21
Ethanol AI 0.30 ± 0.1 28
Ethanol SI 0.16 ± 0.1 21
Lactic acid AI 0.10 ± 0.2 7
Lactic acid SI 0.10 ± 0.2 7
* Inoculum: anaerobic sludge (AI) and uranium mine sediment (SI).
** This concentration refers to the maximum value reached in the experimental
time, not the maximum value that could be reached.
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bic sludge and 21 days for mine sediment. However, it is worth
mentioning that the maximum value reached in the experiment
with formic acid does not appear to be the maximum that could
be obtained in an extended-time experiment.
The differences observed in the values of Cmax and tmax can be
evaluated according to the characteristics of the two inocula. The
anaerobic sludge was taken from a reactor that operates for a long
time, fed with an easily degradable organic wastewater. This inoc-
ulum contains structured granules with high microbial diversity
with predominance of the methanogenic community, speciﬁcally
of methanosaeta-like cells. The bacterial community presented
high diversity, as was observed in the DGGE band proﬁle (Hirasawa
et al., 2008), resulting in a higher capacity to adapt to the imposed
conditions of AMD (low pH and presence of heavy metals). The
uranium mine sediment was taken from the borders of AMD stor-
age ponds, a very unfavorable environment for microbial diversity,
due to the low pH (close to 3), high concentration of heavy metals
and low organic matter content. The metals Zn, Mn, Cd, Ni and Cu
were found in the AMD used in these studies. The concentrations,
respectively, were 5.9 ± 4.0 mg l1; 63.2 ± 19.0 mg l1; 0.06 ±
0.02 mg l1; 0.27 ± 0.16 mg l1 and 0.014 ± 0.010 mg l1. High con-
centrations of metals can result in a decrease in bacterial metabo-
lism, as described by Sani et al. (2001) and Song et al. (1998).
When lactic acid was used as the carbon source, no difference
was observed between the inocula used (0.10 g TVS g1 foam). In
this case, the microbial attachment was not affected by the inocu-
lum. Concentrations of TVS did not change signiﬁcantly after
7 days of the experiment when lactic acid was used, which also
conﬁrms the difﬁculty encountered in developing a bioﬁlm under
these conditions. Moreover, the maximum biomass concentrations
were less than half of those obtained in the experiment with eth-
anol (0.30 g TVS g1 foam) or formic acid (0.35 g TVS g1 foam)






































Fig. 3. Colonization rates as a function of time (Solid line, AI; Dash line, SI; A, formic a
sediment (SI).The carbon source also affected the maximum concentration of
biomass attached to the support material (Table 1). The values ob-
tained when formic acid was used were the highest, followed by
the values obtained with the use of ethanol. The lowest values of
attached biomass were obtained in reactors fed with lactic acid.
This difference in bioﬁlm formation observed with different sub-
strates seems to be directly proportional to the lability of the car-
bon source: higher concentrations of TVS were inversely related to
the number of carbons of each substrate. Formic acid, which con-
tains only one carbon atom, would be more readily oxidized, while
ethanol and lactic acid, which contain two and three carbon atoms,
respectively, would require previous stages of oxidation, thus
resulting in a less concentrated bioﬁlm.
A general analysis of the data presented in Table 1 indicates that
the combination of an organic matter source with a smaller num-
ber of carbon atoms and an inoculum with high microbial diversity
leads to a higher concentration of microorganisms attached to the
material support. This high concentration is very important for the
stable operation of anaerobic reactors, with an inverse relationship
between the biomass concentration and the hydraulic detention
time applied in the reactor. However, the time to reach the maxi-
mum concentration, which can be related to the reactor start-up,
does not present any direct relationship with the nature of the
inoculum or the carbon source used.
The short time required to reach the maximum concentration of
attached biomass, only 7 days, contrasts with the low values of
maximum biomass obtained when lactic acid is fed to the reactors.
Although easily biodegradable, lactate has a higher diffusion
coefﬁcient in water (lactic acid: 0.996.105 cm2 s1; ethanol:
1.28.105 cm2 s1; formic acid: 1.35.105 cm2 s1) (Perry and Chil-
ton, 1985; Arnaud et al., 1992). In packed-bed reactors with low
superﬁcial velocities, liquid and solid-phase mass transfer resis-
tances can play an important role in the overall degradation rates
and, consequently, in the dynamics of biomass attachment to inert
supports (Zaiat et al., 2000).
Ribeiro et al. (2005) also veriﬁed the inﬂuence of substrate on
the adhesion process. Silva et al. (2006), who used the same system
of differential reactors, the same inoculum and sludge from a UASB
reactor treating poultry slaughterhouse wastewater, observed a
maximum biomass concentration close to 0.9 g TVS g1 foam.
However, they used more complex carbon sources (glucose, beef
extract, starch and soybean oil) and a neutral pH in closed systems
with recirculation of the liquid medium.
3.3. Colonization rates
For better evaluation of the dynamics of cell adhesion, maxi-
mum and average colonization rates were calculated as a function15 20 25
B
ime (d)
0 5 10 15 20 25
C
Time (d)
cid; B, ethanol; C, lactic acid). Inoculum, anaerobic sludge (AI) and uranium mine
Table 2
Maximum (vmax) and average (vavr) colonization rates.
Carbon source Inoculum vmax (g TVS g1
foam day1)
vavr (g TVS g1
foam day1)
Formic acid AI 0.022 0.012
Formic acid SI 0.022 0.009
Ethanol AI 0.024 0.011
Ethanol SI 0.013 0.006
Lactic acid AI 0.024 0.004
Lactic acid SI 0.013 0.004
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of the colonization rates as a function of time, calculated from the
data presented in Fig. 2. Table 2 presents the average and maxi-
mum colonization rates.
The average colonization rates were also inversely related to the
number of carbon atoms of the substrate (Table 2). The lowest
average rates were obtained when lactic acid was used as a carbon
source, and the highest ones were obtained with formic acid. Inter-
mediate values were obtained for ethanol. The origin of the inocu-
lum also affected the average colonization rate when formic acid
and ethanol were used as a carbon source (Table 2). The bioﬁlm
formation was slower with the uranium mine sediment inoculum
as compared to the anaerobic sludge, most likely due to the micro-
bial diversity. However, the average rate was not affected by the
source of inoculum in the experiments with lactic acid: the same
behavior was observed for the maximum biomass concentration.
Therefore, when this three-carbon compound is used, the nature
of the substrate determines the concentration of attached biomass
and the average colonization rate, independent of the inoculum
source.
The maximum colonization rate of the polyurethane foam
(vmax) can be related to the reactor start-up, and it is a more accu-
rate parameter for this analysis than the time required to reach the
maximum concentration of attached biomass (tmax). The maximum
rate was strongly inﬂuenced by the origin of inoculum when
ethanol and lactic acid were used as a carbon source (Table 2).
However, no changes could be observed when formic acid was
used as the carbon source. This behavior suggests that, in this case,
the simplicity of the molecule (with only one carbon) results in
rapid start-up of the system, independent of the origin of the
inoculum.
Similar maximum colonization rates were observed when
anaerobic sludge was used as inoculum, for all carbon sources
(Table 2). This conﬁrms that the choice of an inoculum with a great
diversity of microorganisms is quite favorable for the start-up of
reactors, since the inoculum is quickly able to colonize the support
material. However, when maximum and average rates were ana-
lyzed together, it can be observed that the inoculum was able to
maintain a suitable colonization rate only for the organic com-
pounds with one or two carbon atoms (formic acid and ethanol).
The experiment with lactic acid resulted in a high maximum rate,
but in a quite low average rate. In this case, it is expected a rapid
reactor start-up, but a high amount of support will be required
to accumulate sufﬁcient biomass to allow for operation under suit-
able hydraulic detention times.
The data presented in Table 2 show that the carbon source
played a crucial role in the maximum colonization rates when
mine sediment, an inoculum with lower microbial diversity, was
used. Tests using formic acid generated a maximum colonization
rate of 0.022 g TVS g1 foam day1, while this value was 0.013 g
TVS g1 foam day1 for the assays with ethanol or lactic acid.
The addition of a more readily oxidized carbon source achieved
maximum rates almost two times higher than those obtained with
other sources and generated average rates similar to those ob-
tained with anaerobic sludge as inoculum.4. Conclusions
The carbon source inﬂuenced the vavr and the Cmax in the poly-
urethane foam and the values of vavr and Cmax were inversely re-
lated to the number of carbon atoms in each substrate. The
maximum concentration of attached biomass was only signiﬁ-
cantly inﬂuenced by the type of inoculum when the reactors were
fed with ethanol. Maximum colonization rates, which can be re-
lated to reactor start-up, were strongly inﬂuenced by the type of
inoculum in ethanol- and lactic-acid-fed reactors, but no effect
was detected when formic acid was used.
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